ABSTRACT -The present study aimed to establish candidate biomarker genes for the early detection of nephrotoxicity in mice, with a particular focus on nephrotoxicity caused by polyene macrolides. Comprehensive gene expression changes were evaluated using microarrays in a mouse model in which acute nephrotoxicity was induced by amphotericin B deoxycholate, trade name Fungizone. The upregulated genes identified through microarray analysis of kidney tissue of Fungizone-treated mice included several genes that have been reported as nephrotoxicity biomarkers in rats, and 14 genes were selected as candidate nephrotoxicity biomarkers. The usefulness of these genes as nephrotoxicity biomarkers in mice was evaluated further through expression profiling under several experimental conditions using real time RT-PCR. Expression of genes encoding kidney injury molecule 1, lipocalin 2, tissue inhibitor of metalloproteinase 1, and secreted phosphoprotein 1 was highly upregulated by Fungizone, nystatin, natamycin, amphotericin B methyl ester, and liposomal amphotericin B, and their area under the ROC curve values were more than 0.95. These genes were more sensitive at detecting nephrotoxicity than traditional clinical chemistry and histopathology parameters. This study provides novel evidence that these nephrotoxicity biomarker genes identified are translatable to mice, and that they are useful for early and sensitive detection of nephrotoxicity.
INTRODUCTION
Polyene macrolides are clinically important antifungal agents used to treat systemic fungal infections. Amphotericin B (AMB) deoxycholate, also known as Fungizone ® (FGZ) , is one of the most widely used polyene macrolide antifungals in human therapeutics. However, despite the effectiveness of polyene macrolides, clinical use of these drugs is restricted by their potential nephrotoxicity (Deray, 2002) . Over the last a few decades, several candidate drugs designed to improve the effectiveness and minimize the nephrotoxicity of polyene macrolides have been synthesized and tested (Cybulska et al., 2000; Grzybowska et al., 1997; Keim et al., 1973; Reuhl et al., 1993) . In addition, recent advances in drug delivery technology, such as the development of liposomes, emulsions, and other systems, such as Ambisome ® , Amphocil ® , and Abelcet ® , have reduced the nephrotoxicity of polyene macrolides (Clemons and Stevens, 2004; Dupont, 2002) . However, since they contain AMB, these lipid formulations still exhibit a certain degree of nephrotoxicity (Leenders et al., 1998; Wingard et al., 2000) . Selecting polyene macrolide candidates with reduced nephrotoxicity is therefore still a primary focus during the early stages of drug development.
Previously, we comprehensively characterized FGZinduced nephrotoxicity in mice (Tonomura et al., 2009) . We found that FGZ-induced nephrotoxicity is marked by renal dysfunction, including a reduction in plasma filtration and an increase in urinary lactate dehydrogenase activity accompanied by renal tubular damage. Histopathologically, we found that tubular necrosis in the thick ascending limb of Henle's loop is the main characteristic of FGZ nephrotoxicity in mice.
Toxicogenomics is an interdisciplinary research field that combines this DNA microarray-based molecular technology with conventional toxicology, and has been used as a universal tool to elucidate the molecular changes caused by toxic substances in several organ systems (Guengerich and MacDonald, 2007; Hayes and Bradfield, 2005) . By applying a toxicogenomic approach, researchers can determine how gene expression responses to exposure to toxic substances are linked to toxic outcome, a process called phenotypic anchoring (Paules, 2003) . Toxicogenomics can also be used to identify molecular targets and biomarker genes, and has been used to investigate hepatotoxicity (Harrill et al., 2009; Heinloth et al., 2004; Hirode et al., 2009; Kiyosawa et al., 2007; Uehara et al., 2008 Low et al., 2011) , nephrotoxicity (Huang et al., 2001; Kharasch et al., 2006; Kondo et al., 2009; Luhe et al., 2003; Ozaki et al., 2010) , and cardiotoxicity (Mori et al., 2010) . A large number of toxicogenomic studies have focused on the nephrotoxicity of various prototypical compounds in rats. Along these lines, we previously characterized the changes in gene expression resulting from exposure to 33 nephrotoxicants and 8 non-nephrotoxicants in order to elucidate time-and dose-dependent global gene expression changes associated with renal tubular injury in rats. We identified 92 candidate biomarker genes and constructed a robust classification model for the concurrent diagnosis of renal tubular injury in rats . The classification model consisted of several well-known biomarkers, such as kidney injury molecule 1 (Kim1), lipocalin 2 (Lcn2), secreted phosphoprotein 1 (Spp1), tissue inhibitor of metalloproteinase 1 (Timp1), and several other biomarker candidates.
There are several recent reports focusing on the new biomarkers of nephrotoxicity in predicting and monitoring early or acute nephrotoxicity. Recently, the Predictive Safety Testing Consortium's (PSTC) Nephrotoxicity Working Group published a report concerning the qualification of seven urinary nephrotoxic biomarkers, including total protein, albumin, kidney injury molecule-1, clusterin, β2-microglobulin, cystatin C, and trefoil factor 3, for limited use in nonclinical and clinical drug development to help guide safety assessments (Dieterle et al., 2010) . Although these biomarkers are useful for monitoring of rat nephrotoxicity, data supporting usefulness for monitoring mouse nephrotoxicity is limited. Additionally, despite the usefulness of toxicogenomic approaches for detecting nephrotoxicity associated with various drugs, the amount of information available regarding nephrotoxicity biomarker genes in mice is quite limited compared to rats. This is of critical concern because mice are one of the most commonly used experimental animals for assessing the efficacy and toxicity of candidates during the early stages of drug development. Therefore, it is absolutely imperative that nephrotoxic biomarkers in mice be identified, and that the usefulness of these genes as surrogate and/or predictive biomarkers of nephrotoxicity be evaluated.
The hypothesis we investigated in the present study is that nephrotoxic biomarker genes in rats are applicable to the detection of nephrotoxicity in mice. We utilized a toxicogenomic approach to identify candidate biomarker genes in mice. First, comprehensive gene expression changes were characterized in mouse kidney following a single nephrotoxic dose of FGZ. Several genes that have been reported as biomarkers in rats were identified as candidate biomarkers in mice based on changes in expression following treatment with FGZ. Changes in the expression of these genes were confirmed using quantitative real-time RT-PCR. We also evaluated the usefulness of the candidate biomarkers based on data for various other nephrotoxic and non-nephrotoxic compounds. Furthermore, in situ hybridization analysis confirmed increased expressions of Kim1, Lcn2, and Timp1 mRNA at the thin segment of Henle's loop in the FGZ-treated kidneys. Expression of the protein product of Spp1 was confirmed by immunohistochemistry. The genes we identified in the present study are suitable for the detection of nephrotoxicity in mice and are useful translational biomarkers of nephrotoxicity in rodents.
water). The choice of vehicle for the dosing solutions and the methods for preparation of compounds were selected based on the dosing formula in clinical use or compound solubility. Dosing solutions were used soon after preparation. All other chemicals used in this study were of the highest purity available.
Animals and housing conditions
Male Jcl:ICR mice were purchased from CLEA Japan, Inc. (Tokyo, Japan), and were acclimated for 1 week. All animals were housed with a 12-hr lighting period (light on 8:00-20:00) and were allowed free access to food (autoclaved CE-2, CLEA Japan, Inc.) and water (sterilized city water). The animals were 5 weeks old at the initiation of drug administration.
Experimental design
The first day of administration was designated as Day 1. In experiment (Exp.) 1, mice (n = 5/group) were intravenously treated with FGZ (2 or 4 mg/kg) or vehicle alone at a dose volume of 20 ml/kg and sacrificed 24 hr later. In Exp. 2, mice (n = 4/group) were intravenously treated with NYS (2.5 or 5 mg/kg), NMC (25 or 50 mg/kg), CDD (1.5 or 3 mg/kg), CET (1,000 mg/kg), CFPM (1,000 mg/kg), CAZ (1,000 mg/kg), PIPC (1,000 mg/kg), or vehicle alone at a dose volume of 10 ml/kg. All animals were euthanized 24 hr after dosing. In Exp. 3, mice (n = 4/group) were intravenously treated with L-AMB (50, 100, or 200 mg/kg), AME (25 or 50 mg/kg), or vehicle alone at a dose volume of 20 ml/kg and euthanized 24 hr later. In Exp. 4, mice (n = 10/group) were intravenously treated once a day with FGZ (2 mg/kg/day) or vehicle alone at a dosing volume of 20 ml/kg/day for 1 week. All animals were euthanized 24 hr after the last dosing. All experimental procedures were conducted after the study was approved by the Institutional Animal Care and Use Committee in our facility.
Blood chemistry measurements
Blood samples were obtained under ether-anesthesia from the vena cava using heparinized syringes, and then animals were euthanized by exsanguination by cutting both the abdominal aorta and vena cava. Plasma samples were obtained by centrifuging blood at 1,500 × g for 15 min at 4°C. Levels of plasma urea nitrogen (UN) and creatinine were measured using an automatic analyzer 7180 (Hitachi High-Technologies Co., Tokyo, Japan) according to the manufacturer's instructions.
Pathological examination
After blood sample were collected, the right kidney was obtained for light microscopic examination. Kidneys were fixed in 10% neutral buffered formalin, processed routinely, and embedded in paraffin. Paraffin sections were stained with hematoxylin and eosin (H&E) for microscopy.
RNA extraction
For gene expression analysis, the left kidney was removed and stored at -80°C in RNAlater ® (Ambion, Austin, TX, USA) until use. Samples were disrupted and homogenized in QIAzol Lysis Reagent with TissueLyser (Qiagen, Valencia, CA, USA), and total RNA was extracted using an RNeasy ® Mini kit (Qiagen). The subsequent steps were performed according to the manufacturer's instructions. The concentration and quality of RNA were assessed using a NanoDrop ND1000 spectrophotometer (Labtech International, East Sussex, UK) and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Microarray analysis
Microarray analysis was performed on samples of kidneys obtained in Exp. 1. The procedure was conducted basically according to the manufacturer's instructions using One-Cycle Target Labeling and Control Reagents (Affymetrix, Santa Clara, CA, USA) for cDNA synthesis and purification and synthesis of biotin-labeled cRNA. In addition, 10 μg of fragmented cRNA was hybridized to a Mouse Genome 430A 2.0 Array (Affymetrix) for 17 hr at 45°C at 60 rpm. The array was washed and stained with streptavidin-phycoerythrin using a Fluidics Station 450 (Affymetrix). Digital images were obtained using a Gene Array Scanner GCS3000 7G (Affymetrix) and analyzed with Microarray Analysis Suite 5.0 (MAS; Affymetrix).
Microarray data analysis
Microarray data obtained from high-dose-treated and control groups were used for selection of genes for which expression had significantly changed in response to treatment. First, microarray data were imported into Spotfire ® DecisionSite for Functional Genomics (Spotfire, Göteborg, Sweden), and all signal intensities for each chip were normalized by the average value of all proves. Following statistical filtering between two groups using a Student's t test (P < 0.05), probes upregulated more than 2-fold or downregulated to less than 0.5 compared to the control were selected as significantly changed genes. In this step, the Affymetrix Detection Call algorithm was also used and the following probe sets were eliminated: probes showing an absent call in all animals of the FGZtreated group for selecting upregulated genes, and probes showing an absent call in all control animals for downregulated genes. To enhance the reliability of the selected genes identified with the microarray-based approach, probes with expressed sequence tags (ESTs) and/or Affymetrix's low grade annotation (grade E) were eliminated from further analysis. Finally, a total of 440 probes (358 upregulated and 82 downregulated) were selected as FGZ-responsive genes.
Gene ontology (GO) analysis
GO analysis of the FGZ-responsive genes was performed using the DAVID Functional Annotation tool (Database for Annotation, Visualization, and Integrated Discovery; http://david.abcc.ncifcrf.gov/). A level 5 analysis was adopted for the term of the GO biological process (threshold count: > 20). A corrected P-value (Benjamini method) less than 0.01 was considered statistically significant.
Quantitative RT-PCR
The level of expression of the following genes was determined using one-step quantitative real-time PCR: Lcn2, Kim1, Timp1, Spp1, clusterin (Clu), vimentin (Vim), antigen identified by monoclonal antibody Ki 67 (Mki67), keratin 8 (Krt8), keratin 18 (Krt18), keratin 19 (Krt19), fibrinogen, gamma polypeptide (Fgg), fibrinogen, alpha polypeptide (Fga), ceruloplasmin (Cp), and alpha-2-macroglobulin (A2m). Total RNA (0.4 μg) was used as the template, and TaqMan Gene Expression Assays (for Lcn2, assay ID: Mm01324472_g1; Mm00558642_m1) or TaqMan Endogenous Controls (Gapdh, predesigned assay reagent supplied by ABI, Applied Biosystems, Foster City, CA, USA) were employed as gene-specific probe and primer sets. Quantitative RT-PCR was performed using a QuantiTect TM Probe RT-PCR kit (Qiagen), and transcript levels were quantitated with an ABI PRISM 7500 Fast System (Applied Biosystems) according to the manufacturer's instructions. Reverse transcription and amplification conditions were set as follows: 50°C for 30 min, 95°C for 15 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min. The resulting cycle threshold (Ct) value was processed based on the comparative Ct method, where Gapdh was used as an endogenous reference gene to normalize the expression level of target genes.
In situ hybridization
The procedure for in situ hybridization was performed using the Ventana XT System Discovery (with reagents from Ventana Medical Systems as part of the ISH assay, Ventana Medical Systems, Inc., Tucson, AZ, USA). Briefly, riboprobes were prepared from Kim1, Lcn2 or Timp1 cDNA fragments (GenBank database accession number NM_134248, NM_008491 or NM_001044384, respectively) by PCR amplification using primers as follows:
. PCR products were subcloned in pCR ® II-TOPO ® vector (Invitrogen, Carlsbad, CA, USA). The templates were linearized with BamHI (antisense probe) or Xho I (sense probe), and RNA probes were synthesized and labeled with T7 (antisense) or Sp6 (sense) RNA polymerase respectively in the presence of digoxigenin (DIG)-labeled UTP (DIG Labeling Kit; Roche Molecular Biochemicals, Indianapolis, IN, USA) according to manufacturer's recommendations.
For in situ hybridization and immunohistochemistry, the kidneys obtained from animals were used as described below. After the treatment with FGZ (4 mg/kg) or vehicle alone for 24 hr, mice were flushed with 0.1 M phosphatebuffered saline (PBS, pH 7.4) followed by perfusion with 4% paraformaldehyde in PBS under the anesthesia. Kidney tissues were dissected and immersed in the same fixative overnight at 4°C and dehydrated by a diluted alcohol followed by xylene. The preparations were then passed into paraffin at 56°C, and transversal sections (4-μm thick) were mounted on slides. After deparaffinization, the sections were incubated with Riboprep for 8 min at 37°C, and treated with RiboClear for 8 min at 37°C. Protein digestion was performed with Protease 2 (0.1 units/ml) for 24 min for Kim1 mRNA detection, for 20 min for Lcn2 mRNA detection, or for 16 min for Timp1 mRNA detection at 37°C, respectively. This was followed by incubation with the specific 250 ng/ml DIGlabeled probes for 16 hr at 65°C. Detection was performed with DAB Map TM Kit and accessory reagents. The slides were washed with stringency washed, followed by post fixed with RibFix for 20 min at 37°C and incubated with 500 ng/ml Anti-Digoxigenin (Roche Applied Science, Indianapolis, IN, USA) for 48 min at 37°C followed by 750 ng/ml biotinylated anti-sheep IgG (H+L) for 28 min at 37°C, and subsequent substrate treatment for 60 min at 37°C. The sections were counterstained with 1% methyl green dye, dehydrated, and mounted.
Immunohistochemistry
Immunohistochemical staining for the protein product of Spp1, osteopontin, was performed as follows. The prepared slides of kidney sections were deparaffi nized and rehydrated with graded alcohol. Antigen retrieval was performed using a microwave oven (5 min, citrate buffer of pH 6.0). After incubating in methanol containing 0.3% H 2 O 2 , the sections were treated with 5% normal rabbit serum for 30 min, followed by incubation with 1.7 μg/ml anti-mouse osteopontin (R&D System, Inc., Minneapolis, MN, USA) in PBS containing 0.1% normal rabbit serum for 1 hr at room temperature. Following washing with PBS, the sections were incubated with biotinylated secondary antibody for 30 min. After washing with PBS, they were incubated with VECTASTAIN Elite ABC Reagent (Vector Laboratories, Inc.), and then the peroxidase activity was visualized by incubation with DAB substrate (Roche).
Statistical analysis
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) was used for statistical analyses. Statistical signifi cance of differences was determined using Welch's t-test for comparisons involving two groups and Dunnett's multiple comparison test was used for comparisons involving three or more groups. Receiver operating characteristic (ROC) curve analysis was performed to assess the prediction performance of each biomarker gene and ROC curves were plotted using a nonparametric method.
RESULTS

Classical phenotypic toxicology data
Histopathological fi ndings and plasma nephrotoxicity biomarker levels are summarized in Table 1 . In the 2 and 4 mg/kg single-dose FGZ-treated groups (Exp. 1), minimal to moderate dose-dependent tubular necrosis was observed in the thin segment of Henle's loop in the renal medulla (Fig. 1) . Following daily administration of 2 mg/kg of FGZ for 1 week (Exp. 4), regenerative lesions refl ecting tubular injury became apparent (Fig. 1) , whereas minimal to moderate tubular necrosis was still observed in the thin segment of Henle's loop. Tubular necrosis of Henle's loop in the renal medulla was also observed in the kidneys of NYS-and NMC-treated mice in Exp. 2, and Numbers represent histopathological grade of lesion: 1 = minimal; 2 = slight; 3 = moderate; 4 = severe. Blood chemistry data are expressed as the mean ± S.D. (n = 4 or 5/group). Statistical significance of differences between treated and control groups was determined using Dunnett's multiple comparison test or Welch's t-test. *P < 0.05 and **P < 0.01. Vol. 37 No. 4 in the kidneys of L-AMB-and AME-treated mice in the Exp. 3. Whereas moderate to severe tubular necrosis was observed in the kidneys of 100 and 200 mg/kg L-AMBtreated mice, only minimal to slight tubular necrosis was observed at the lowest dose, 50 mg/kg. In the AME-treated groups, no abnormal changes were observed at a dose of 25 mg/kg, but minimal tubular necrosis was observed at a dose of 50 mg/kg. In some cases, necrotic changes were accompanied by neutrophilic inflammation in the connective tissue of the medulla. In the renal cortex, proximal tubular dilatation was observed in the kidneys of NYS-and NMC-treated animals in Exp. 2 and the kidneys of L-AMB-treated animals in Exp. 3. In the kidneys of NYS-and L-AMB-treated mice, degenerative vacuolar changes were observed in the cortical proximal tubule. Increased levels of plasma UN and creatinine accompanied by renal tubular injury were also observed in groups treated with these nephrotoxic compounds; however, the changes were statistically significant only in 4 mg/kg FGZ-and 100 and 200 mg/kg L-AMB-treated groups. In contrast, no renal histopathological lesions or elevations in clinical parameters were found in the groups treated with following compounds: CDD, CET, CFPM, CAZ, and PIPC. Thus, these compounds were considered non-nephrotoxic under the current experimental conditions.
FGZ-induced nephrotoxicity responsive genes
In order to examine comprehensive gene expression changes related to nephrotoxicity induced by polyene macrolides, kidney samples showing slight to moderate renal tubular necrosis obtained from mice treated with 4 mg/kg of FGZ were analyzed by microarray. Following statistical filtering for gene selection, 358 probes (350 genes) were identified as upregulated genes (Supplemental Table 1A) , and 82 probes (79 genes) were identified as downregulated genes (Supplemental Table 1B) .
A GO analysis was performed to obtain functional annotations for the upregulated and downregulated genes identified by microarray analysis. The GO analysis indicated that 39 categories of biological processes were modulated by the upregulated genes (level 5, P < 0.01). Functional annotation indicated that the upregulated genes are involved in cell cycle regulation, inflammatory responses, cell death, and DNA metabolism, which is consistent with our previously reported findings regarding rat nephrotoxicity ) (Supplemental Table 2A ). The downregulated genes were found to be involved in several metabolic processes that are considered to reflect renal tubular malfunction (Supplemental Table 2B ).
Selection of candidate biomarker genes
Among the genes differentially expressed in the kidneys of FGZ-treated mice, upregulated genes were chosen for further evaluation because upregulation may directly reflect tissue injury associated with nephrotoxicity. Furthermore, among the upregulated genes, 14 were selected as candidate biomarkers based upon their putative biological function and available information regarding their use as biomarkers in rats Uehara et al., 2007): Lcn2, Havcr1, Timp1, Clu, Fgg, Fga, A2m, Krt18, Krt19, Spp1, Mki67, Vim, Cp, and Krt8 . The expression of these genes in 2 and 4 mg/kg FGZ-treated mice was then examined using quantitative RT-PCR analysis of the same RNA samples that were used for the microarray experiment. Changes in the expression of the 14 candidate biomarker genes were represented as ΔΔCt. In addition, the level of expression of these genes was measured in the 2 mg/kg FGZ-treated group to confirm the dosedependency of gene expression changes. As shown in Tables 2 and 3 , quantitative RT-PCR analysis confirmed that the 14 candidate biomarker genes are upregulated in a dose dependent manner in response to FGZ-treatment, and a high degree of concordance was observed between the microarray and RT-PCR data.
ROC analysis
Experiment 2 involved the use of several different classes of nephrotoxic and non-nephrotoxic antibiotics for the purpose of further gene selection based on the results of ROC analyses. The expression of the 14 candidate biomarker genes in the mice in Exp. 2 was measured using quantitative RT-PCR (Table 3) . For ROC analysis, the NYS-and NMC-treated groups were defined as nephrotoxicity positive, and the remaining groups (CDD-, CET-, CFPM-, CAZ-, and PIPC-treated mice), which demonstrated no phenotypic evidence of nephrotoxicity, were defined as nephrotoxicity negative. ROC curves were plotted on the basis of the set of sensitivity and 1-specificity values (Fig. 2) . The area under the ROC curve (AUC) values for the 14 candidate biomarker genes ranged between 0.708 and 0.992. The five topranked genes (Kim1, Lcn2, Timp1, Spp1, and Krt8) each had an AUC value greater than 0.95 and were selected for further evaluation.
Eternal validation in single dose conditions
In the next study (Exp. 3), we also examined the effect of two AMB-derived products, L-AMB and AME, on expression of the five top-ranked genes selected using ROC analysis. L-AMB is liposomal formulation of AMB, and AME is a water-soluble AMB derivative with greatly Gene expression levels are shown as the log2 ratio of treated to control animals. Data are expressed as the mean ± S.D. (n = 4 or 5). The statistical significance of differences between treated and control groups was determined using Dunnett's multiple comparison test. *P < 0.05 and **P < 0.01.
reduced nephrotoxicity compared to AMB. Higher doses of L-AMB or AME are therefore needed for induction of nephrotoxicity. In our experimental condition, a dose of 50 mg/kg or more of L-AMB or AME were necessary to induce nephrotoxicity in mice and no nephrotoxicity was observed at 25 mg/kg L-AMB (Table 1 ). In gene expression, Kim1, Lcn2, Timp1, and Spp1 were significantly upregulated in all dose groups treated with L-AMB and AME regardless of the presence or absence of phenotypic changes. Expression of Kim1 was upregulated in the 25 mg/kg AME-treated group, but not to a statistically significant degree. Krt8 was signifi cantly upregulated only in the 100 and 200 mg/kg L-AMB-treated groups (Table 4) .
External validation in repeated dose conditions
In general, the potential toxicity of novel synthesized compounds is generally evaluated under repeated dose conditions. If biomarkers are to be useful in detecting signs of nephrotoxicity in nonclinical toxicology studies, sustained upregulation regardless of study conditions is required. A validation study was therefore conducted using mice administered a repeated dose of FGZ for 1 week. Following a daily dose of 2 mg/kg FGZ for 1 week, the extent of upregulation was similar to that observed with the single dose of 2 mg/kg. Although no signifi cant upregulation was observed in this experiment among the fi ve top-ranked genes identifi ed by ROC analysis, Lcn2, Kim1, Timp1, and Spp1 did show some degree of upregulation following repeated dosing with FGZ for 1 week. No clear upregulation was observed with Krt8 (Table 4) .
Localization of selected biomarkers in the nephron
To investigate the mRNA or protein expression of selected biomarkers in the kidney, in situ hybridization or immunohistochemistry was performed in the FGZ-treated mouse kidneys. In the control kidneys, no or weak staining was detected with an antisense probe (data not shown). In contrast, weak to intense positive signals were detected with the antisense probes of Kim1, Lcn2, and Timp1 in the epithelial cells of the thin segment of Henle's loop, which is the primary target of FGZ-induced nephrotoxicity (Fig. 3) . In immunohistochemistry of osteopontin, extensive positive staining was observed in the whole kidney region, but intense staining was localized in the thin segment of Henle's loop (Fig. 4) .
DISCUSSION
In the present study, we employed a toxicogenomic approach to identify translational biomarker genes in mice for use in predicting the nephrotoxicity of candidate drugs. In a previous study, we identifi ed 92 nephrotoxicity biomarker genes and constructed a highly accurate classification model for the concurrent diagnosis of renal tubular injury in rats . As a result, genes included in the previously described model were primarily involved in tissue remodeling, infl ammatory responses, and cell growth. These categories of genes were considered to be common characteristics of gene expression changes refl ecting renal tubular injuries. In this study, we fi rst evaluated comprehensive changes in gene expression in mice in which acute nephrotoxicity was induced by AMB derivatives. The upregulated genes identified through microarray analysis of kidney tissue of FGZ-treated mice were also involved in tissue remodeling, infl ammatory responses, and cell growth. In addition, these selected genes consisted of several genes that have been reported as nephrotoxicity biomarkers in rats. The results of our analysis therefore suggest that nephrotoxic biomarker genes in rats might be applicable also in mice. Among the genes highly upregulated in FGZ-treated mouse kidney, Kim1, Lcn2, Timp1, Spp1, Cp, Clu, Vim, 0.45 ± 0.14 Gene expression levels are shown as the log2 ratio of treated to control animals. Data are expressed as the mean ± S.D. (n = 4 or 5). The statistical signifi cance of differences between treated and control groups was determined using Dunnett's multiple comparison test. *P < 0.05 and **P < 0.01. , Mki67, Fga, Fgg, Krt8, Krt18 , and Krt19, were selected as candidate biomarkers because (i) there was the strong evidence supporting their usefulness as nephrotoxicity biomarkers in rats and other species (Alchi et al., 2005 ., Davis et al., 2004 Dieterich et al., 2009; Kharasch et al., 2006; Thukral et al., 2005; Wang et al., 2008) and (ii) these selected genes were considered to be biologically related to the gene categories, such as tissue remodeling, inflammatory responses, and cell growth. The usefulness of these genes as nephrotoxicity biomarkers in mice was evaluated further through expression profiling under several experimental conditions using real time RT-PCR. As a result, Kim1, Lcn2, Timp1, and Spp1 were the best predictors of nephrotoxicity, as determined by ROC analysis and further validation studies.
A2m
Kim1 (also known as Havcr1; hepatitis A virus cellular receptor 1) and Tim1 (T cell immunoglobulin mucin domains-1) encode type I transmembrane proteins. The expression of KIM1 in normal kidney can be hardly detected at the protein level. However, studies in ischemic and drug-induced acute nephrotoxicity models indicate that KIM1 protein is strongly induced in injured proximal tubular epithelial cells (Han et al., 2002; Ichimura et al., 1998 Ichimura et al., , 2004 Prozialeck et al., 2007) . It is presumed that KIM1 mediates the regeneration of tubular epithelial cells by assisting in the reconstitution of a continuous epithelial layer (Ichimura et al., 1998 (Ichimura et al., , 2008 and by regulating macrophage activation (Monney et al., 2002) . The protein product of Lcn2 is known as neutrophil gelatinaseassociated lipocalin (NGAL). This protein is a member of the lipocalin family and binds to small hydrophobic molecules. Neutrophil gelatinase-associated lipocalin is produced by epithelial cells and inflammatory cells (Saiga et al., 2008; Vinuesa et al., 2008) and is involved in regulating immune responses, modulating cell growth and metabolism, transporting iron, and in prostaglandin synthesis (Shi et al., 2008) . Timp1 is a glycoprotein expressed in several tissues that acts as an inhibitor of matrix metalloproteinases, a group of peptidases involved in degradation of the extracellular matrix. Timp1 is produced by interstitial cells in the kidney and plays a major role in the inhibition of matrix degradation (Chromek et al., 2004; Hörstrup et al., 2002) . Spp1 is a matrix glycoprotein containing an arginine-glycine-aspartate motif that binds to the integrin family of receptors and a soluble cytokine. It is highly expressed in damaged tissues and plays a role in wound healing, possibly by regulating inflammation and fibrosis (Butler, 1989; Wolak et al., 2009) . Several studies have reported that these biomarker genes are more sensitive for detection of early kidney injury in rats and humans than other routinely used biomarkers, such as plasma creatinine and UN (Ichimura et al., 2004; Mishra et al., 2005; Nickolas et al., 2008; Sieber et al., 2009; Vaidya et al., 2006; Wang et al., 2008) .
The usefulness of these genes was also evaluated in single-and repeated-dose experiments involving several AMB derivatives. In the single-dose study, the levels of Kim1, Lcn2, Timp1, and Spp1 expression were clearly upregulated under all experimental conditions, with accompanying phenotypic changes in classical toxicology endpoints. The expression of these four genes was highly upregulated in high-dose AME-and low-dose L-AMBtreated mice that exhibited only very slight histopathological changes and no significant increases in creatinine or UN levels. Furthermore, Lcn2, Timp1, and Spp1 were clearly upregulated in low-dose AME-treated mice in which no significant biochemical or histopathological changes were observed. These results suggest that Kim1, Lcn2, Timp1, and Spp1 are useful biomarkers for early detection of nephrotoxicity in mice, even in the absence of significant biochemical or histopathological changes.
Ideally, the expression of biomarker genes should be dose-dependent, and upregulation should be sustained following repeated dosing. In the FGZ-, NYS-, and AMEtreated groups, the expression of Kim1, Lcn2, Timp1, and Spp1 was clearly dose-dependent; however, there was no clear indication of dose-dependence in the expression of these genes in the NMC-and L-AMB-treated groups. In the NMC-treated group, the extent of histopathological injury was similar between the high-and low-dose groups, and no dose-dependent elevation was observed in the plasma UN level. We concluded that the acute toxic response in the NMC-treated mice had reached a plateau and that this was reflected by the gene expression profiles and classical toxicological findings. In contrast, L-AMBinduced nephrotoxicity was dose-dependent in our experiments whereas there was no clear indication of dosedependence in the expression of these genes between 100 and 200 mg/kg treated groups. It was suggested that upregulation of genes were saturated in the severely affected conditions. Taken together, there might be limited usefulness of genomic biomarkers in the ranking for severity of toxicity.
In the repeated-dose study involving FGZ, 2 mg/kg/day was chosen as the experimental dose since 4 mg/kg/day was found to be intolerable after 1 week of repeated administration. Following 1 week of repeated dosing at 2 mg/kg/day of FGZ, proximal tubular necrosis was observed in addition to tubular necrosis in Henle's loop. Although regeneration was observed in the proximal tubule in the cortex after repeated dosing, the extent of medullary tubular necrosis was similar in mice receiv-ing single or repeated doses of 2 mg/kg of FGZ. As with the histopathological findings, the extent of upregulation of Kim1, Lcn2, Timp1, and Spp1 in mice receiving repeated doses was comparable to that in mice receiving a single dose. These results support our contention that Kim1, Lcn2, Timp1, and Spp1 would be useful nephrotoxic biomarkers in situations involving either single or repeated doses of potentially nephrotoxic compounds, although the data regarding repeated dosing are limited.
A variety of interesting histopathological changes were observed in our experiments, such as tubular necrosis in Henle's loop (with/without inflammatory cell infiltration), proximal tubular vacuolization, dilatation, and regeneration in the cortex. In situ hybridization and immunohistochemistry successfully confirmed the localization of expression in Henle's loop in the FGZ-induced nephrotoxicity. Our data strongly support a direct relationship between increased expression of these biomarkers and the tubular injuries in Henle's loop in FGZ-induced nephrotoxicity. However, it should be noted that Kim1, Lcn2, Timp1, and Spp1 were commonly upregulated despite regional differences in the appearance of histopathological lesions in the various types of nephrotoxicity. Considered in light of the fact that whole kidneys were used for gene expression analysis in our experiments, we hypothesize that changes in the expression of Kim1, Lcn2, Timp1, and Spp1 reflect various types of nephrotoxicity in each renal region as well as the nephrotoxicity in the Henle's loop. However, further study will be needed to better characterize the localization of each biomarker gene in the kidney, as only limited information is available regarding the distribution of gene expression in injured renal tissue.
Although we focused primarily on the four biomarker genes that were the best predictors of nephrotoxicity, there are several additional genes that may be useful in the detection of nephrotoxicity induced by the other classes of compounds. A recent study conducted in our laboratory suggested that changes in the expression of several cytoskeletal keratin genes might be useful indicators of damaged and/or regenerated renal tubules , and in the present study, three keratin genes, Krt8, Krt18, and Krt19 were found to be significantly upregulated in response to FGZ treatment. Among them, our study indicated that the expression profile of Krt8, the gene encoding type II cytokeratin family protein (Hughson et al., 1993; Mertz et al., 2008; Moll et al., 1982) , is different than that of Kim1, Lcn2, Timp1, and Spp1. In our experiments, Krt8 was significantly upregulated in the middle-and high-dose L-AMB-treated groups, which also showed clear phenotypic changes in histopathology and clinical chemistry. However, Krt8 expression was not upregulated in the low-dose L-AMB-and AME-treated groups. These findings suggest that the sensitivity of Krt8 as a nephrotoxicity biomarker might be comparable to serum biomarkers such as creatinine and UN, and that therefore Krt8 would be a useful diagnostic biomarker. Since it has been reported that different cytokeratins are expressed in injured and/or regenerated renal tubules , further study will be required to characterize the distribution of these proteins in mouse kidney.
In the kidneys of FGZ-treated mice, GO analysis indicated that inflammatory responses was affected by FGZinduced changes in the expression of a number of genes, including Vim, Fga, and Fgg (Galichon and Hertig, 2011; Yang et al., 2007) . Although the prediction accuracies of Krt19, Clu, Vim, Fga, and Fgg were inferior to those of the five top-ranked genes we ultimately selected as biomarkers, their AUC values were high, ranging from 0.901 to 0.947. In particular, even though their performance as predictors of nephrotoxicity was inferior to the top-ranked genes, the fact that Fga and Fgg were highly upregulated in mice exposed to the nephrotoxic compounds used in our experiments suggests that their potential to serve as biomarkers in the other drug category be investigated further.
In conclusion, our results provide novel evidence that several nephrotoxicity biomarker genes identified in rats are translatable to mice, and that they are useful for early and sensitive detection of nephrotoxicity. Four genes in particular, Kim1, Lcn2, Timp1, and Spp1, were superior predictors of nephrotoxicity under conditions of both single and repeated dosing with nephrotoxic compounds. Although further large-scale studies will be needed to validate these genes as biomarkers for nephrotoxicity, our results indicate that they are applicable to the evaluation of nephrotoxicity in mice and that they will prove to be valuable in the development of safer drugs in the future.
